Reflectivity and photoluminescence studies on the GaAs/AlAs Bragg mirror with the InGaAs/InGaAsP multiple quantum well absorbing cover layer were performed at a wavelength of 1550 nm. An absorption dip enhanced by optical confinement of the Fabry-Perot resonance was observed in the reflectivity spectra. The refractive indexes of the AlAs/GaAs quarter-wave stacks and cover layer were obtained by tuning the angle of incidence (in reflectivity) and angle of detection (in photoluminescence) in the Bragg reflector, respectively. The photoluminescence studies also provide a vehicle for obtaining the absorption coefficient of the cavity medium by measuring the quality factor of the Fabry-Perot mode.
Introduction
Bragg reflectors, which consist of periodically alternating quarter-wave layers with different refractive index materials, play an important role in a number of optoelectronic devices, such as vertical-cavity surface emitting lasers (VCSELs), Fabry-Perot modulators, microcavity light-emitting diodes (MCLEDs) and resonant-cavity photodectors. The saturable Bragg reflectors, which consists of semiconductor wells embedded in a Bragg reflector, have also been demonstrated to be a powerful saturable absorber in passive mode locking due to their band-filling nonlinearity. Subpicosecond pulses have been generated by the saturable Bragg reflectors in solidstate lasers and semiconductor lasers [1, 2] . In addition, the Bragg reflectors have also been used to confine the photon modes in one dimension and form semiconductor quantum microcavities.
A variety of new interesting phenomena in semiconductor physics were found from the semiconductor quantum microcavity [3] [4] [5] . Among these applications, some require low-insertion loss in order to eliminate light absorption in devices (e.g. MCLEDs, VCSELs and quantum microcavities); on the other hand, some require the enhancement of the optical absorption in Bragg reflectors for better performance (e.g. resonant-cavity photodectors). Therefore it is essential to study the fundamental aspects of optical absorption in Bragg reflector structures. Several studies on this topic have been reported previously [6] [7] [8] . The optical absorption of the Bragg reflector due to the cap-layer effect was investigated. A spectral dip in the high-reflectance stop band is due to an absorption in layers and is determined by the thickness of the cover layer [6] . The excitonic absorption of Bragg reflectors was also studied and a dramatic enhancement of excitonic modulation of the reflection spectrum was predicted in the vicinity of the wavelength corresponding to the Bragg interference condition [7] . An enhancement of optical absorption due to another mechanism was observed on a distributed absorbing Bragg reflector [8] . The optical field is designed to be confined near the surface of the Bragg reflectors and this confinement leads to an increase in the overlap of the optical field with the absorbing layers and enhances the optical absorption [8] . It is known that optoelectronic devices with a wavelength of 1550 nm are suitable for optical fibre communications and optical interconnections. It is desirable to study absorption properties of the Bragg reflection structures at a wavelength of 1550 nm. In addition, to our knowledge, there is no study regarding the angular effect of the absorption on the Bragg reflector structures with absorbing layers. Studying the angular effect on absorption could be helpful for designing optoelectronic devices using Bragg reflectors. For instance, the external quantum efficiency of MCLEDs depends on the reflectivity of Bragg reflectors. The angular effect of absorption loss may greatly affect the reflectivity of Bragg reflectors and hence the performance of MCLEDs.
In this paper, we report on a study of the reflectivity and photoluminescence spectra of absorbing Bragg reflectors by changing the angle of detection at the wavelength of 1550 nm. An absorption dip in the high-reflection band of the Bragg reflectors in reflectivity is attributed to the Fabry-Perot cavity mode between the air/cover-layer interface and the Bragg mirror. From the blue shift of the stop-band centre and cavity mode as a function of incident angles we obtained the refractive index of the GaAs/AlAs quarter-wave stacks and the InGaAs/InGaAsP multiple quantum well (QW) cover layer, respectively. In addition, the absorption coefficient of the cover layer can be estimated from the quality factor of the Fabry-Perot mode in the photoluminescence spectrum. To remove the effect of the cavity and Bragg mirror on the photoluminescence, an in-plane photoluminescence technique is used to study the pure emission from the QW cover layer.
Experiments
The absorbing Bragg reflector studied in this paper consisted of a GaAs/AlAs Bragg mirror and an absorbing cover layer. The Bragg mirror employed 27 pairs of GaAs/AlAs quarterwave stacks so as to increase the reflectivity and bandwidth of the reflector. The constituent layers were designed to produce a high-reflectance band centred at a wavelength of 1550 nm. The cover layer consisted of two sets of 15 InGaAs/InGaAsP strain-compensated multiple QWs separated by 80 nm of lattice matched InGaAsP and grown on an InP substrate. The compressive strained wells and tensile strained barriers lead to strain-compensated multiple QWs which have been demonstrated to have a low-effective mirror loss because the critical thickness constraint is lifted [9] . Since the GaAs/AlAs Bragg mirror is grown on a GaAs substrate, a novel waferbonding technique is used to integrate the InP-based QWs with the GaAs-based Bragg mirror [10] . The structure of the sample is shown in the inset of figure 1. The sample was mounted in a cryostat, and the sample temperature was 11 K. The absorption properties of the sample were characterized using reflectivity and photoluminescence measurements. A halogen lamp and an Ar ion laser were used as the excitation sources for the reflectivity and photoluminescence studies, respectively. The output light was coupled to a monochromator to provide a spectrum around 1550 nm. A germanium detector was employed to read both the reflectivity and photoluminescence signals. Figure 1 displays the reflectivity spectra of the sample at normal incidence. The spectrum shows a typical reflectivity of a Bragg reflector combined with two extra dips in the main highreflectance band (stop band). Two possible mechanisms may explain the high-energy dip in the stop-band reflectivity. One is the optical absorption of the multiple QWs in the cover layer. If this occurs, a dip will appear at the wavelength of the QW absorption. The other is the absorption related to the Fabry-Perot resonance of the optical waves reflected from the air/cover-layer interface and the Bragg mirror. The absorption of the cavity medium is hence enhanced by the optical confinement of the Fabry-Perot cavity (cavityrelated absorption). These two different mechanisms can be distinguished from the thermal variation of the energy shift. It is known that the energy shift with increasing temperature is ∼3.3 A/
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• C for the energy of QW transition and ∼0.85 A/ • C for the cavity mode of Fabry-Perot resonance [11] . From the temperature-dependent measurements, we found the highenergy dip shifts with a rate of 0.8 A/
• C (not shown). Consequently we conclude that the high-energy dip in the stopband reflectivity is due to the cavity-related absorption. The origin of the low-energy dip will be discussed next.
The reflectivity spectra of our absorbing Bragg reflector under oblique angles of incidence of 0
• , 25
• , 45
• , and 60
• are shown in figure 2 . From the reflectivity measurement, we can obtain the wavelength of the stop-band centre (λ) of the Bragg reflector, which is determined by the optical thickness, The circles show the experimental data. The fit to the data calculated using equation (1) is plotted as a solid curve.
d, of the Bragg mirror (d = λ air /4n = λ/4, where n is the refractive index and λ is the wavelength of light in the layered material). In this angle-dependent measurement, several interesting features can be seen: (1) the stop-band centre shifts toward the shorter wavelength, (2) the cavity-related (highenergy) dip also shifts toward the shorter wavelength, and (3) the bandwidth of the stop band is narrowed. The blue shift of the dip provides more evidence for assigning the dip as cavity-related absorption. This is due to the fact that the optical cavity mode will move with varying the incident angle, while the QW states are independent of the incident angle. The variations of stop-band centres as a function of the incident angle are displayed in figure 3 . As the incident angle was increased, the resonant wavelength λ in the layered structures shifts toward the shorter wavelength λ , which is
where θ is the angle of external incidence, and n e is the effective refractive index of the layered materials. Thus, the wavelengths of the stop-band centre versus the external incident angles can be calculated. The solid curve in figure 3 shows the calculated results using equation (1) . With this method, a value of 3.06 at 1550 nm is obtained for the refractive index of the GaAs/AlAs quarter-wave stacks. The refractive index of the cover layer on the Bragg mirror can also be obtained from the reflectivity spectrum. However, it is difficult to identify the exact position of the cavity-related dip in figure 2. We will determine the refractive index of the cover layer in later photoluminescence experiments. The low-energy dip which occurred at ∼1587 nm at the normal incidence disappears at the higher incident angles. The dip disappearance of the low-energy dip is due to the blue shift of the stop band. Figure 2 shows that the dip position is independent of the incident angles and hence we exclude the possibility that the dip originates from another cavity mode of Fabry-Perot resonance. The dip may be due to a conduction band acceptor transition of InGaAs QWs in the cover layer [12] . However, further evidence will be required to confirm this. The bandwidth of the stop band of Bragg mirrors in reflectivity was predicted to broaden with increases in the incident angle [13] . The bandwidth in our experiment, however, reduced from 140 to 126 nm as the incident angle was tuned from 0
• to 60
• . The phenomena can be explained by the presence of the QW absorption. The spectral position of the QW absorption is around 1485 nm determined by in-plane photoluminescence. If the stop band falls in the region of the QW absorption, the reflected light will be absorbed and the bandwidth of the stop band will decrease. As the incident angle is increased the wavelength of the stop-band centre is shifted to the shorter wavelength region, while the QW absorption is independent of the incident angle. Hence the effect of the QW absorption becomes much more pronounced and the stopband bandwidth decreases as the incident angles increase. So, both the broadening effect and narrowing effect modulate the bandwidth of the stop band in our sample.
Another way to provide information on the absorption properties of the absorbing Bragg reflector is the photoluminescence measurement. Figure 4 shows the photoluminescence spectra of the sample performed at normal incidence. Compared with the spectra in figure 1 , the main peak in the photoluminescence basically corresponds to the absorption dip in the reflectivity caused by the Fabry-Perot resonance. In addition, as the temperature was increased, the main peak shifted toward the long-wavelength region at a rate of 0.78 A/
• C (not shown here). As a result, the main peak in the photoluminescence can be attributed to the luminescence corresponds to the cavity mode of Fabry-Perot resonance. The photoluminescence spectrum can be used to estimate the absorption coefficient of the Bragg reflector by measuring the quality factor of the Fabry-Perot mode. The quality factor Q of the cavity, which measures the sharpness of the resonance, is given by [14] 
where ν is the cavity resonant frequency of the cavity, ν is the full width at half maximum (FWHM), n c is the refractive index of the cavity medium, α is the absorption coefficient of the medium in cavity, L eff is the effective cavity length, and R 1 and R 2 are the mirror reflectivities on each cavity side.
From figure 4 , we obtained the resonant frequency ν = 1.97 × 10 14 s −1 and the FWHM ν = 5.3 × 10 12 s −1 . The measured quality factor Q from our photoluminescence measurement is thus ∼37. On the other hand, the effective cavity length L eff actually includes the penetration of the cavity field into the GaAs/AlAs Bragg mirror (L DBR ) and the cavity length (L c ). The penetration length for the GaAs/AlAs structure can be estimated from [5] 
Using n H ∼ 3.39, n L ∼ 2.90, (the values of n H and n L were extrapolated from [13] ) and n c = 3.55, we obtain L DBR ∼ 4380 nm. Hence the effective cavity length was estimated to be L eff = L DBR + L c ∼ 4745 nm. If we insert R 1 ∼ 0.99 (the estimated reflectivity of the AlAs/GaAs Bragg mirror), R 2 ∼ 0.3 (the estimated reflectivity of the cover layer/air interface), L eff ∼ 4745 nm, and n c = 3.55 into equation (2), we obtain the absorption coefficient of the cover layer α ∼ 2200 cm −1 . Thus, using this method, we can calculate the absorption coefficient from the photoluminescence spectrum. Figure 5 shows the detection angle-dependence of the photoluminescence. In this figure the peak shifts to the shorter wavelength as the detection angle increases. The blue shift of the photoluminescence peak has a similar trend as the dip in figure 2 as the angle is increased. It provides further evidence to assign the peak to the cavity-related mode. From the spectral position of the photoluminescence peak, we can determine the refractive index of the cover layer. Again, equation (1) is used to analyse the variations in the peak position with the detection angle and the result is shown in figure 6 . A value of 3.55 at 1550 nm is obtained for the cover layer of our absorbing Bragg reflector. In a QW structure, the refractive index is approximately a weighted average of the indices of well and barrier materials, perturbed by excitonic features. The calculated refractive index by using the weighted average of the indices of bulk InGaAs and InGaAsP materials in our cover layer is ∼3.53, which is consistent with the measured value.
To remove the effect due to the cavity and Bragg mirror on the photoluminescence spectrum, we also performed inplane photoluminescence. The configuration in this case is displayed in the inset of figure 7 , where the incident laser is perpendicular to the surface of the sample with the emitted luminescence is collected in the plane of the cavity. Figure 7 shows the in-plane photoluminescence of the absorbing Bragg reflector. In figure 7 we find that the luminescence is unaffected by the cavity and Bragg mirror, hence we extract the signal from the QW in the layered structure. The peak at 1485 nm is the photoluminescence due to the QW emission. The broad exciton linewidth in figure 7 is due to inhomogenous broadening, which may arise from the interface roughness and indium alloy fluctuations. Thus, using this configuration, the photoluminescence from the cavity effect and the QW emission can be clearly separated.
Summary
In conclusion, absorbing Bragg reflectors, which consist of the GaAs/AlAs quarter-wave stacks and a InGaAs/InGaAsP multiple QW cover layer were studied by reflectivity and photoluminescence.
A cavity-related absorption dip at 1550 nm enhanced by the optical confinement of the FabryPerot resonance was observed in the reflectivity spectra. A value of 3.06 at 1550 nm for the refractive index of the GaAs/AlAs quarter-wave stacks was obtained in the angledependent reflectivity measurements. On the other hand, a value of 3.55 at 1550 nm for the refractive index of the InGaAs/InGaAsP multiple QW cover layer was determined by tuning the detection angle in the photoluminescence. The photoluminescence spectra also provide a convenient vehicle for obtaining the absorption coefficient of the cavity medium from the quality factor of the Fabry-Perot mode. In addition, QW emission without the cavity effect can be extracted by an in-plane configuration of the photoluminescence measurement.
